Abstract This paper investigates the extent to which uncertainty on regional patterns of economic growth and fossil fuel availability impacts regional emission patterns, emission drivers, and regional mitigation potentials and strategies, through an analysis across five key world regions in different stages of their economic development (Africa, India, China, Europe and the USA) using a set of scenarios simulated with the REMIND model. Important differences are identified in emission trajectories of developed, emerging and developing regions, in both the baseline and the climate policy scenarios, due to differences in economic growth rates, energy and carbon intensity developments, and mitigation potentials. In the baseline, energy intensity developments vary strongly with economic growth assumptions, while fossil fuel availability has a particularly strong effect on carbon intensity developments which result in more region-specific sensitivity than do economic growth variations. On the other hand, the core findings associated to climate policy and regional mitigation strategies remain unaffected by this uncertainty. In all baseline scenarios China, the USA and India are the greatest emitters in terms of cumulated 21st century emissions, comprising almost 50 % of the global total. Differences in terms of per capita emissions between developed and developing countries persist under either baseline assumption, but are contracted under climate policy. Long-term per capita emissions remain above world average in China, India and Europe, reflecting their relatively smaller renewable resource potentials. The core regional technological implications of climate change mitigation are insensitive to economic growth and fossil fuel availability assumptions.
Introduction
Climate change remains one of the most prominent challenges to global societies and natural ecosystems. Although the debate around the preferred mitigation strategies, the distribution of costs, and the quantification of climate damages is a vibrant one, the scientific community has clearly pointed out the need for deep emission reductions in order to avoid the most dangerous outcomes of climate change. In the policy arena, the global community has adopted the longterm target of limiting the average global temperature increase to a maximum of 2°C compared to pre-industrial levels in the Copenhagen Accord (UNFCCC 2009 ) and this objective has been re-endorsed in the subsequent climate conferences in Cancun and Durban. Given the broad agreement of the scientific and policy communities on the need for significant emission reductions in order to meet the 2°C target, numerous studies have assessed the technical and economic implications of policy action on a global scale (e.g., Edenhofer et al. 2010; Van Vuuren et al. 2007) .
Nonetheless, policy action is to a large extent driven by national-and region-specific decision making, which emphasizes the importance of the regional dimension in the climate debate and stipulates a profound understanding of future regional emission patterns and their drivers. Regional differences in resource endowments and structural differences in energy enduse clearly determine regional differences in technology use and respective mitigation potentials Luderer et al. 2012 ). Thus, a comprehensive analysis of regional responses to baseline and policy drivers is crucial for identifying the mechanisms that can lead to a global long-term climate stabilization agreement.
Several studies discuss the implications of climate stabilization with a focus on individual regions, using national or global models. Some examples include the work of Chen et al. (this issue) and Zhang et al. (2014) on China and Calvin et al. (this issue) on Africa, or the analysis of Asian regions in the Asian Modeling Exercise Calvin et al. 2012; Clarke et al. 2012) . A few studies compare regional patterns of mitigation between major world regions (Van Sluisveld et al. 2013; Tavoni et al. 2013; Luderer et al. 2012) . However, these studies do not explore the impact of different assumptions about the future development of emission drivers in the baseline on the level and structure of regional mitigation efforts. Baseline scenario assumptions on uncertain parameters like economic trends, population growth, technological progress, and portfolio of considered technologies can significantly affect emission levels in the absence of climate policies, and as a consequence the absolute level of emissions reductions required to meet a particular climate target (Keppo and Rao 2007; Fisher et al. 2007; Den Elzen et al. 2010 ). This uncertainty is a major concern of many countries, in particular emerging economies, when considering the adoption of national emissions reductions targets. Despite the importance of this aspect, a comprehensive exploration of alternative baseline scenarios has attracted so far little attention in the literature. This paper makes a contribution in this direction.
A key novelty of the paper is the broad and systematic assessment of the extent to which uncertain baseline patterns of economic growth and fossil fuel availability impact regional emissions, emission drivers, and regional mitigation potentials and strategies. To our knowledge, this analysis is the first structured exploration, at a regional level, of a multitude of baseline and stabilization scenarios on two uncertain and crucial factors for assessing the challenge of achieving long-term climate protection targets: economic growth determining energy demand and fossil fuel availability influencing fossil prices and the supply structure of energy systems. The objective of the paper is to assess which regional results are sensitive across a wide range of these uncertain baseline patterns versus results that remain robust against different levels of economic growth and fossil fuel availability.
Our analysis is focused on assessing the following policy-relevant aspects of regional transformation pathways and their sensitivity to key scenario assumptions: (i) What is the share of key world regions in total global emissions, and how do they compare in terms of per capita emissions in baseline and climate policy scenarios? (ii) What are the main drivers of emission developments and the role of energy and carbon intensity improvements? (iii) What are the associated transformations of regional energy systems? In order to address these questions, we analyze and compare the sensitivity of emissions and their drivers in five key world regions in different stages of economic development: Africa, India, China, Europe and the USA. The analysis is based on the results of the integrated assessment model Regional Model of Investments and Development (REMIND) (Luderer et al. 2013a; Bauer et al. 2012; Leimbach et al. 2010 ) and a set of scenarios developed as part of the Roadmaps towards Sustainable Energy futures 1 (RoSE) study (Kriegler et al. this issue) . In what follows, after a description of the methodology (Section 2), the paper presents the results of the study in the different baseline scenarios (Section 3.1) and subsequently focuses on the climate policy scenarios (Section 3.2). The paper finishes with a discussion of key modeling assumptions (Section 4) and a summary of the results (Section 5).
Methodology
The RoSE study aimed at assessing 21st century energy transformation scenarios across different policy regimes and different reference assumptions on future socio-economic and fossil resources development. The set of RoSE scenarios analyzed in this paper is based on three key dimensions: (i) Underlying assumptions on future socio-economic development regarding economic growth (SM Figure 1) . These build on the 2008 Revision of the UN World Population Prospects and range the speed of economic growth (slow -medium -high) between 26 aggregate world regions; (ii) Long-term fossil fuel availability, with reference assumptions of low, medium and high coal, oil, and gas abundance (SM Figure 2) . Fossil fuel availability was characterized in terms of supply curves describing extraction costs as a function of cumulative extraction; (iii) Stringency of climate protection targets, involving a no climate policy case and a concentration target of 450 ppm CO 2 -equiv., which limits combined atmospheric GHG concentrations to 450 ppm CO 2 equivalent by 2100. This target formulation is equivalent to a limit of total radiative forcing to 2.6 Wm The variation of the first two dimensions provided baseline projections that were adopted to explore the sensitivity of regional systems transformations to the underlying socio-economic and fossil resource assumptions. Five cases were considered: (i) A default case with medium growth and medium fossil fuel availability (DEF); (ii) two cases with low and high fossil fuel availability and medium growth (LO Fos and HI Fos, respectively); and (iii) two cases with slow and fast economic growth assuming medium fossil fuel availability (SL Gr and FS Gr, respectively). These assumptions were assessed in baseline scenarios (denoted by BAU) and also combined with the 450 ppm CO 2 -equiv. climate target in order to provide insights on the involved mitigation options under alternative futures (denoted by 450).
The above scenarios have been simulated with the integrated assessment model REMIND (version 1.4). REMIND is a multi-regional hybrid model which couples an economic growth model with a detailed energy system model and a simple climate model. The macro-economic core of REMIND is a Ramsey-type optimal growth model in which intertemporal global welfare is optimized subject to equilibrium constraints. REMIND considers 11 world regions (SM Figure 3) and explicitly represents trade in final goods and primary energy carriers. Macro-economic production uses capital, labor and energy as input factors. The macroeconomic core is hard-linked to the energy system module. Economic activity results in demand for final energy such as transport energy, electricity, and non-electric energy for the stationary end-uses. Two important REMIND features that highlight the capacity of the model to assess the effect of economic growth variations and fossil fuel availability are respectively (i) the use of energy as a production factor, resulting in dynamic feedbacks of economic growth variations on energy demand, and (ii) the explicit representation of fossil fuel extraction and international markets. These two features are described in more detail in the following two paragraphs.
The demand for final energy is determined via a nested constant elasticity of substitution macro-economic production function, where economic activity results in demand for final energy. There are two basic mechanisms for energy intensity improvements: (i) autonomous reductions in energy intensity, 3 determined by exogenous factors which augment technological change, and (ii) substitution between energy and capital according to the CES production function (Luderer et al. 2013b) . 4 The exogenously determined factors which augment technological improvements of energy are assumed to change at similar rates as labor augmenting technological change factors, but include also an additional adjustment factor determined separately for each region and energy type. These adjustment factors are calibrated such that (a) total per-capita final energy demand converges between regions, when expressed as final energy per capita over Gross Domestic Product (GDP) per capita (expressed in Purchasing Power Parity (PPP) terms), and (b) patterns of structural change in final energy demand in line with past trends are reproduced (e.g., increasing trend for grid-based energy carriers). Labor technological change factors are exogenous and, in particular for the RoSE project, are adjusted to match the different economic growth scenarios. The growth of labor productivity results in the growth of economic activity, which drives final energy demand via the production function.
The energy system module considers endowments of exhaustible primary energy resources as well as renewable energy potentials. A substantial number (~50) of technologies are available for the conversion of primary energies to secondary energy carriers. In particular the fossil fuel supply section of the energy module has been modified in a way that it captures important features of the RoSE fossil fuel scenarios, such as heterogeneity and inertia in the extraction sector through the representation of endowments via different cost grades (Bauer et al. this issue) . Fossil fuel endowments are regionally specified, and coal, oil and gas are traded internationally. Fossil fuel trade is subject to trading costs that imply regional price differentials.
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As part of our analysis, we apply the Kaya identity (Kaya 1990 ) to the results of the REMI ND model to decompose the contribution of population, GDP per capita, energy intensity, and carbon intensity to total regional emissions.
Emissions and their drivers without climate policy

Regional emission patterns
The five regions under analysis account for a significant share of global fossil fuel and industry emissions both at the beginning and over the course of the century (63 % of absolute emissions at the beginning of the century and of cumulated 21st century emissions). China, followed by the USA and India, are the major emitting regions out of the five investigated ones in terms of cumulative century emissions (SM Table 1 ). Transformations throughout the century result in an increasing contribution of today's emerging and developing economies into global emissions, accompanied by a decreasing one of developed economies.
6 Despite these changes, only modest convergence is observed across developed and developing countries until the end of the century (Fig. 1) . Specifically, emissions in the USA, but also Europe and China, start and remain above the world average throughout the century, while they remain below for Africa and India despite considerable increases in the first half of the century.
Naturally, population is one of the factors that drive the differences between major emitting regions in total and per capita emissions. The influence of population is greater for Africa, India and China (Fig. 1) . In Africa, population triples by the end of the century, and the associated increasing trend until 2080 is partly responsible for the steep increase in total emissions. In India and China, rising population until 2050 and 2030 respectively, drives emissions upwards, but after these years shrinking population reduces emissions.
Per capita final energy demand is a key driver of differences across regions. Similarly to per capita emissions, it is higher in developed regions and only partial convergence across regions takes place throughout the century, due to differences in regional economic growth rates and final energy intensity improvements (Fig. 1) . Indeed, the tendency for these two factors to explain most of the variation of emissions in baseline scenarios is confirmed in many other studies (e.g., Blanford et al. 2012) . Regarding the influence of economic growth, two phenomena are observed. First, higher GDP levels in the USA, Europe, and China (which catches up with European levels by 2080), are a major explanatory factor of their higher final energy demand per capita (Fig. 1) . Second, high economic growth rates in China and India mainly for the first half of the century, and also Africa throughout the century, are increasing convergence in per capita final energy demand and emissions.
The augmentation of per capita emissions due to economic growth is partly counterbalanced by energy intensity improvements (SM Figure 4) . Emerging and developing 6 In 2005, the USA and China emit about 21 % of global emissions, Europe about 15 %, India almost 5 %, and sub Saharan Africa a modest 0.6 %. Regarding cumulated 21st century emissions, China is the greatest emitter (23 % of global emissions), followed by the USA and India (13 %, 12 %, respectively), and then Europe and Africa (9 and 7 %, respectively) (SM Table 1 ).
regions are associated with higher energy intensity levels at the beginning of the century, but they exhibit more accentuated energy intensity improvements compared to the developed (Fig. 1 ). This reduces their energy demand growth rates, and as a result their emissions growth rates, and slows down the associated emissions convergence in the second half of the century. An important reason for these effects is the modernization of the energy systems of developing regions towards more efficient energy carriers, and namely their transition towards grids and away from solids (SM Figure 6) . Further, higher capital accumulation in developing regions is leading to a more intensive substitution of energy with capital, resulting in higher energy intensity improvements in these regions.
7 A third reason is regional differences between autonomous (non-price driven) energy efficiency improvements. These assume a convergence in energy use per capita between regions with converging per capita income, as observed historically (Grübler 2004) . As a consequence, these regions are associated with higher autonomous energy efficiency improvements than developed regions, and that is also portrayed in the resulting energy intensity levels.
Thirdly, carbon intensities are an important and notably diverse driver across regions. Absolute carbon intensity levels are generally higher than the world average for China, India, and the USA (Fig. 1) , since their energy systems are more heavily reliant on coal and oil (SM Figure 5) . The temporal evolution of carbon intensities differs distinctively across developing, emerging, and developed economies. In less developed regions, namely Africa and to some extent India, carbon intensities increase sharply during the first few decades of the century but decline thereafter. Such carbon intensity developments for Africa are in line with findings of other models (see Calvin et al. this issue) . This strong carbonization in the first half of the century is due to increasing fossil fuel use caused by a) a switch from traditional biomass to coal for solid fuels, b) increasing use of gas for grids, and also coal for electricity in India, and c) higher liquids demand supplied entirely by oil (SM Figure 6 ). In the second half of the century, reliance on dirtier fossils is reduced with solids being gradually replaced by grids, and increasing use of renewables for electricity and biofuels for liquids. Significant deployment of renewables is particularly evident in Africa for both electricity and liquids. For the developed regions carbon intensities initially decline but later in the century (around mid-century in the USA and 2080 in Europe) they rise again.
8 These regions shift from a significant reliance on oil and gas in the beginning of the century to considerably higher coal shares, primarily for the production of synthetic liquid fuels later in the century. These give rise to the carbon intensities and emissions rises mentioned above.
9 China bears similarities to both developing and developed regions regarding its coal use, with coal initially being used for solid fuels and towards the end of the century for liquids.
Sensitivity of regional trends under uncertain baseline patterns
Economic growth and fossil fuel availability have diverse impacts across regions regarding emission trends and their drivers. Not surprisingly, it was found that baseline uncertainty is not as influential in shaping emission trajectories of world regions as much as individual regional characteristics. Therefore, numerous findings remain robust under baseline variations. 7 For example in Africa, the capital to energy ratio sees an almost ten-fold increase between 2010 and 2100, while on the other extreme in Europe it less than triples. 8 These changes in carbon intensities are the main reason for the trends of per capita emissions in the USA (Figure 1) and are driven by a) an increase in the use of gas accompanied by a decrease in coal and oil which reduce emissions in the short term, b) a renascence of coal used for coal-to-liquids for transportation around midcentury, and c) finally a switch towards renewable energy sources in the power sector in the longer term (SM Figure 6) . 9 This result is sensitive to model assumptions on the energy options available to the transport sector, since the model version used for this study (REMIND 1.4) did not account for the possibility of liquefied gas.
Nevertheless, some noteworthy changes are observed across regional patterns. Related findings are analysed below, first for the economic growth scenarios, and subsequently for the fossil fuel availability scenarios.
Firstly, for the three different economic growth scenarios, China followed by the USA and then India remain the greatest emitting regions out of the five investigated ones in terms of cumulative 2005-2100 emissions (SM Table 1 ). Also, per capita emissions remain higher in the more affluent regions (USA, Europe, China), since faster growth leads to only slightly higher regional convergence in per capita income in the assumed variation of economic growth, and per capita income was identified as a key driver of per capita emissions. Nonetheless, growth assumptions have some significant implications for regional emission patterns. It is observed that generally faster growth (BAU FS Gr) is associated with 15 % higher total global cumulated emissions across the century compared to slower growth (BAU SL Gr). The sensitivity of individual regions differs slightly to the global average figure (20 % increase for India, 17 % for China, 14 % for the USA and EUR, and 10 % for Africa).
Differences in the regional sensitivity of emissions to economic growth assumptions are, in the first half of the century, explained almost entirely by differences in the growth rates of GDP per capita and energy intensity (Fig. 2) . That is, faster growth leads to higher emissions due to the residual effect between higher GDP per capita and lower energy intensities (vice versa for faster growth), while carbon intensities remain almost unchanged. Differences in GDP per capita are, as explained in section 2, exogenous due to scenario assumptions, while lower energy intensities are motivated by faster growth due to higher substitution of energy with capital and higher autonomous energy efficiency improvements resulting in lower energy input per unit of GDP (see also section 3.1.1).
These patterns are valid also for the second half of the century, but during this period carbon intensities are also contributing to the differences in regional emission patterns and regional sensitivity. Generally, in the second half of the century carbon intensities are lower for BAU FS Gr due to higher deployment of biomass and non-biomass renewables in all regions (SM Figure 7) . These carbon intensity reductions, however, are not associated with lower cumulative extraction of fossil fuels or with lower cumulated century emissions. That is because faster growth leads to faster exhaustion of cheap fossil reserves that, although it enhances the competitiveness of renewable energy sources earlier in time, it does not result in net emissions reductions over the course of the century. Some regional differences worth mentioning are that in the liquids sector developed regions substitute coal with oil under BAU FS Gr, while China and India do the inverse (SM Figure 7) . Also, as biomass is assumed not to be tradeable in this REMIND version, biomass shares are seen to augment more in regions with higher potentials, and particularly Africa.
Emissions and associated energy systems transformations are more sensitive to fossil fuel availability scenario assumptions, as opposed to economic growth assumptions. Cumulative century emissions increase by 45 % between the low fossil fuel availability (BAU LO Fos) and the high fossil fuel availability scenario (BAU HI Fos), and regional sensitivity differs significantly (71 % for Africa, 53 % for India, 34 % for China, 33 % for the USA, and 15 % for Europe) (SM Table 1 ). Although, per capita emissions remain higher than the world average in USA, Europe and China, and below for the other two regions for most of the century, the fossil fuel availability variations induce more pronounced differences in regional emissions convergence. Unlike under the variation of economic growth assumptions, in the case of variation of fossil fuel availability the differences in emissions are mainly induced by differences in carbon intensities, which tend to be lower under the BAU LO Fos scenario and higher for the BAU HI Fos scenario (Fig. 2) . That is mainly because higher fossils availability is associated with higher oil shares for liquids consumption, higher gas and coal shares for electricity production, and lower renewables shares for all regions (SM Figure 7) . The inverse trends are observed for lower fossil fuel availability, with higher shares of renewables in electricity production substituting coal and gas, and higher contributions of coal and biofuels, as opposed to oil, to synfuel production. Despite these general findings, the relationship between fossil fuel availability and emissions is not fully uniform across regions and scenarios, with regional carbon intensities driving regional differences. Specifically, carbon intensities in some regions are associated with higher growth rates when fossil availability is lower compared to the default case (India, Africa in the second half of the century), and vice versa when fossils are abundant (USA in the first half of the century, Europe and China in the second) (Fig. 2) . These somehow counter-intuitive observations are primarily driven by inter-fuel substitution and changes in the deployment of coal-to-liquid technologies. Specifically, the USA and Europe, and to a lesser extent China, employ significantly lower coal for liquids as opposed to oil in the BAU HI Fos scenario (SM Figure 7) . On the other hand, India and Africa are characterized by a significant increase in the shares of coal for liquids in the BAU LO Fos scenario, which combined with a sharp increase in their share of liquids in total final energy demand gives rise to higher emission growth rates in the second half of the century. Finally, energy intensities play a significantly smaller role than carbon intensities when varying fossil fuel availability assumptions. Nevertheless, there is a general tendency for energy intensities to be higher in BAU HI Fos, since higher resource availability translates into lower end-use prices.
Emissions and their drivers with climate policy
Climate policy induces a substantial reduction of total and per capita emissions in all explored regions (Fig. 3) . Achieving the 450 ppm CO2-equiv. stabilization target requires the abatement of 76 % of global emissions of BAU DEF (SM Table 2 ). Emission reductions are associated with both carbon and energy intensity improvements, but the effect of carbon intensity developments dominates (SM Figure 8) . Energy intensities are in the range of 0.65 to 0.85 of the equivalent baseline values in the period 2050-2100, while carbon intensities in the range of −0.10 to 0.30. Energy intensity improvements take place mainly in the first half of the century, while carbon intensity improvements occur throughout the century and are the major determinant of emission reductions in the second half of the century.
Although the stringent emission reduction requirements induce a general convergence pattern in per capita emissions, differences in regional capacities to abate their emissions and achieve very low per capita emissions are observed (Fig. 3) . By the end of the century, India, Europe, and China do not reach as low per capita emission levels as do the USA and Africa, due to their relatively smaller renewable resource and CCS storage potentials. Emissions abatement throughout the century also differs across regions. Africa achieves an almost 100 % reduction of its baseline emissions, China, India, and the USA an about 70 % reduction, and Europe an about 60 % reduction (SM Table 2 ). These regional differences are motivated by discrepancies in regional base year emissions and energy mixes, and regional potentials to achieve energy intensity and carbon intensity improvements, analysed in turn in the following two paragraphs.
Regarding base year emissions and energy mixes, the carbon price stimulates regions with low emissions at the beginning of the century, like Africa and India, to maintain these low levels throughout the century. On the other hand, the USA, Europe, and also China start from much higher levels of per capita emissions, and need to gradually reduce those through progressively restructuring their energy systems and putting more effort in suppressing initially much higher final energy demands per capita. As a consequence, the first group of countries requires less demand and/or supply side transformations which enhances their mitigation potential. Particularly the example of Africa, with a very low carbon intensity from early in the century, emphasizes the importance of avoiding carbon lock-ins by early climate action in regions where significant energy capacities expansion could be expected.
The potential to achieve energy and carbon intensity improvements varies across regions. Energy intensities are reduced less drastically in developed regions, and particularly Europe, in comparison to Africa, India and China. This causes important differences in regional final energy per capita levels which, despite greater convergence compared to the baseline, remain substantially lower in developing regions compared to the industrialized world, and thus maintain their emissions at lower levels. This is in line with other findings in the literature that report greater energy efficiency reductions under climate policy for developing regions (e.g., Van Sluisveld et al. 2013) , but is also a model result that has been criticized as incompatible with sustainable development objectives (Steckel et al. 2013) . Carbon intensities decrease radically in all regions, but important regional differences remain, motivated by differences in regional capacities to deploy renewable sources. Africa and the USA, achieve greater carbon intensity reductions with respect to their baseline levels compared to the other three regions, mainly due to their greater deployment of biomass with CCS (BECCS) (SM Figure 9) . Findings on the higher BECCS deployment of these two regions are also reported by other studies (e.g., Calvin et al. this issue; Van Sluisveld et al. 2013) .
It is noteworthy that, under stringent climate policy, emissions trajectories show very little variation across economic growth and fossil fuel availability scenarios (Fig. 3) . Regional results are very much in line with global results (see Kriegler et al. this issue) since the climate target suppresses region-specific reactions to economic growth and fossil fuel availability. In the case of fossil fuel variations, both carbon and final energy intensities remain almost entirely unaffected, indicating that under stringent climate policy fossils are abandoned rendering uncertainty about fossil fuel prices less relevant. Little variation in carbon intensities is observed also under economic growth assumptions. On the other hand, final energy per capita and energy intensity levels still show some sensitivity to GDP assumptions. In all regions, despite these variations in total energy demand and the scale of energy systems, the underlying structure of energy systems is not significantly impacted, notwithstanding some larger deployment of renewable energy sources to cover additional demand in the 450 FS Gr scenario (SM Figure 9 ). Regarding the effect of scenario variations to mitigation requirements, not surprisingly, in most regions faster growth or higher fossils availability, are related to higher mitigation effort in order to achieve the climate stabilization target (SM Table 2 ).
10 The variation with fossil assumptions is clearly larger than with economic growth assumptions since baseline emissions differ more in the former case.
Discussion
It is important to note that our results are contingent on model structure and assumptions. The REMIND model features a detailed representation of regional energy systems characterized by high substitutability, but a stylized and aggregate representation of regional economic systems and energy demand. As a result, changes in the composition of energy systems are more adequately encapsulated than changes in the sectoral composition of regional economies. That is particularly important when discussing regional energy intensity improvements, especially in developing regions (see Steckel et al. 2013) . Structural economic changes, such as a shift from heavy to light industries and/or services, are important drivers of energy intensity improvements. While the effect of these changes on the structure and magnitude of energy demand is reflected in the calibration of the model, the underlying developments on the level of economic sectors are not explicitly represented by the aggregate macro-economy of the REMIND model.
The differences in modelled future development pathways across regions are driven by regional differences in the configuration of current economies and energy systems, different economic growth prospects, differences in energy demand drivers, as well as different endowments in fossil and renewable energy resources. However, there are additional important factors that explain regional disparities observed in the real world. Unit costs of energy technologies can vary substantially across regions, but are assumed to be uniform here. Institutional factors, governance, culture and social preferences play an important role in shaping regional energy transformations and are very dissimilar, yet are not accounted for in this study. External shocks or trend changes that can affect regional development are not considered, while fossil energy supply and long-term future GDP growth are accounted for with full anticipation in the intertemporal optimization model REMIND.
11 All these factors may lead to larger regional differences in emissions drivers and mitigation responses than identified in this study. However, our analysis captures the sensitivity to key energy system parameters and socio-economic development assumptions.
Summary and concluding remarks
This paper analysed emission trends and their drivers across a range of baseline and climate policy scenarios in five major regions in different stages of their economic development. The analysis yielded important findings regarding differences and similarities across world regions in relation to the influence of GDP, population, energy and carbon intensities on regional emission patterns and their sensitivity to economic growth and fossil fuel availability assumptions with and without climate policy.
Emission trends and their drivers in the baseline differ notably across the five regions under analysis. Economic convergence results in some convergence of regional per capita emissions, but the variation across regions by the end of the century still remains large due to higher GDP levels in developed regions, higher energy intensity improvements in developing regions, and a gradually reduced reliance on dirtier fossils in developing regions as opposed to an inter-fuel substitution of oil with coal in developed ones.
Under climate policy, all regions implement drastic emission reductions. Energy systems appear more flexible in readjusting their structure than do economic systems in reducing their energy demand. The imposition of a globally uniform carbon price induces significant convergence in per capita emissions across regions, but different regional potentials for carbon and energy intensity improvements result in differences in mitigation efforts and long term per capita emissions. The carbon price encourages larger energy intensity improvements in developing and emerging economies, which are faced with higher energy intensities in the base year. Also, investments in more efficient energy carriers and supply systems early in the century are observed in regions with currently low per capita emissions, like Africa and India. In the long term, base year patterns are superseded by technological mitigation potentials. Therefore, long-term per capita emissions are higher than the world average in India and Europe, and vice versa for the USA and Africa, largely due to different renewable resource endowments.
Regional emissions are sensitive to baseline variation in a no-climate policy world, with faster growth and higher fossil fuel availability inducing higher cumulated emissions over the 21st century. Regional emissions sensitivity is significant, and it proved more responsive and regionally diverse in the case of fossil fuels variation as opposed to economic growth variations. Under economic growth variations, differences in emissions are primarily driven 11 REMIND is an inter-temporal optimization model with perfect foresight, where social inter-temporal trade-offs are solved by assuming a full set of future markets on which demand and supply are cleared. The full anticipation of the assumed changes in fossil energy supply and long-term future GDP growth impacts on energy price adjustments such that all future markets are cleared and thus implies also near-term changes due to the intertemporal structure.
by differences in economic growth rates and energy intensity improvements. The latter buffers emissions growth but is nevertheless superseded by economic growth unanimously in all regions. Under fossil fuel variation, changes in emissions are mainly induced by differences in carbon intensities and energy mixes transformations. These demonstrate a more region-specific behavior due to differences in regional reserves and associated relative fossil fuel prices inducing diverse inter-fuel substitution effects across regions.
Generally, higher fossils availability and faster growth are associated with higher mitigation efforts. However, the core findings associated to climate policy and regional mitigation strategies remain unaffected by the wide range of scenario assumptions about future economic growth and fossil fuel price trajectories. The relative contribution of individual regions to global emissions and the convergence of emissions across regions are not profoundly altered by economic growth or fossil fuel availability assumptions. In all baseline scenarios China, the USA and India are the greatest emitters in terms of cumulated 21st century emissions, accounting for almost 50 % of the global total. Differences in terms of per capita emissions between developed and developing countries persist under either baseline assumption, but are contracted under climate policy. Long-term per capita emissions remain above world average in China, India and Europe, reflecting their relatively smaller renewable resource potentials. Finally, the core regional technological implications of climate change mitigation are not siginificantly affected by economic growth and fossil fuel availability assumptions.
The current analysis can be expanded to explore additional dimensions influencing regional emission pathways and mitigation strategies. The analyzed climate policy scenarios assume immediate and fully co-operative action across different parts of the world. Current policy developments are not in line with such an assumption, and thus the exploration of alternative baseline scenarios under delayed and fragmented policy scenarios would be of interest. The analysis is limited to variations in the speed of economic growth and fossil fuel availability, while further baseline assumptions including differences in the convergence across regions or the relative fossil fuel availability across fossils and regions might highlight further aspects of uncertainty on economic growth and fossil fuel prices. Also, it would be interesting to explore the effect of economic growth and fossil fuel price uncertainty on regional mitigation costs. Finally, the impact of baseline assumptions on international transfers, for example for establishing an equitable distribution of mitigation costs across regions, merits further attention.
